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SUMMARY AND CONCLUSIONS 
The work reported involved a study of the influence ot growth 
temperature on the thermal resistance of certain aerobic, spore-
forming bacteria isolated from normal and spoiled evaporated milk 
and from raw milk. Within the limits of the study, as imposed by 
the number and species of organisms employed, the following point!" 
were established: 
1. The thermal resistance of spores. was influenced by the tern· 
perature at which the cultures were grown. 
2. Growth at the approximate optimum temperature commonly 
yielded spores with a greater thermal resistance than growth below 
that temperature. The difference in the thermal resistance was 
greater with some cultures than with others. 
3. Growth above the approximate optimum temperature also 
commonly yielded spores with a lower thermal resistance than 
growth at the more favorable temperature. 
4. Sudden decreases in growth temperature from the approxi-
mate optimum usually decreased the thermal resistance of the spores 
produced, while sudden increases in growth temperature ,to the ap-
proximate optimum usually increased the thermal ;resistance, thus 
indicating the important influence of growth temperature on thermal 
resistance. Continued growth of cultures at changed growth tern· 
peratures generally resulted in spores with a thermal resistance ap· 
proximating that of spores of the cultures when originally grown 
and tested at those temperatures. ' 
5. Comparisons of the thermal resistance of moist and freshly 
dried spores (6 to 8 days old) showed there was no regularity in 
the effect of the drying. The resistance of the dried spores was 
influenced by the growth temperature in the same manner as the 
resistance of moist spores. 
6. The aging of dried spores (47 to 69 days) did not result in 
significant decreases in thermal resistance. 
7. In the temperature range from 104.0° to 120.0 ~ C. there was 
a striking decrease, with nearly all the cultures studied, in the 
survival period of the spores as the temperature of exposure was 
increased. 
8, Viable spores or cells of bacteria were not common in the 
]5 cans (7 brands) of evaporated milk purchased from retail stores. 
9. The aerobic, spore.forming bacteria obtained from 12 samples 
of raw milk did not show any considerable resistance to heat, but 
raw milk should be regarded as a potential source of contamina· 
tion of evaporated milk with heat resistant bacteria. 
10. The strain of B. megatherium isolated from spoiled evapo· 
rate d.-milk exhibited a comparatively high thermal resistance while 
the strain of B. megatherium isolated from raw milk did not. 
Influence of Growth Temperature on 
the Thermal Resistance of Some 
Bacteria from Evaporated Milk' 
By D. R. THEOPHlLUS AND B. W. HAMMER 
Keeping quality of evaporated milk depends primarily on the 
destruction of the contained organisms by heat. Normally, the heat 
treatment used is entirely satisfactory, but, occasionally, organisms 
survive. Some of these are species that do not cause changes ill 
evaporated milk in cans, while others are species that bring about 
conspicuous defects. Spoilage sometimes occurs when there ha~ 
been no intentional or discernible modification of a heat treatment 
that has been employed successfully over extended p~riods. Out-
breaks are frequently spasmodic but during their brief existence 
may cause extensive financial losses. 
From general observations at the Iowa Agricultural Experiment 
Station and elsewhere it appears that outbreaks of spoilage in evapo· 
rated milk have been most common during warm weather. Such a 
relationship could result in various ways . . In warm weather there 
may be a more extensive contamination of the milk, either on the 
farms or in the plant, because conditions are such that dry particle~ 
of soil, dirt, etc., containing organisms are easily carried in the air, 
and also because the growth of organisms is especially favored, even 
to the extent that certain species which do not grow at somewhat 
lower temperatures grow in the surroundings, equipment and in the 
milk itself. Another possibility is that the growth temperature may 
definitely influence the heat resistance of certain organisms so that 
when developing at relatively high temperatures they are especially 
resistant to destruction by heat. 
Work herein reported involved a study of the effect of the growth 
temperature on the heat resistance of various bacteria isolated from 
evaporated milk and raw milk. The organisms studied were aerobic, 
spore-forming species because these are of special importance in 
outbreaks of spoilage in evaporated milk; while at one time the 
anaerobic spore-forming species caused a considerable percentage 
of the outbreaks of spoilage in evaporated milk they are now of 
comparatively little importance. 
Complete destruction of the spores was the basis for the study 
of the heat resistance. Presumably, a partial destruction would be 
of little value from the standpoint of the keeping qualities of evapo-
rated milk, although it is possible that a very small number of 
lProject 119 of the Iowa Agricultural Experiment Station. 
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spores would find it more difficult than a large number to shift 
various potentials so that growth could begin. The number of spores 
per milliliter of the suspension medium was controlled within cer-
tain limits to make the comparisons reasonably exact. 
REVIEW OF LITERATURE 
THEORIES OF CELL DESTRUCTION BY HEAT 
Rahn and Barnes (60) stated that, "Death is defined in many 
different ways, and always by the loss of some property character-
istic to the living organism. Compelled by the technique, bacteri-
ologists usually define a cell as dead when it has lost permanently 
the power of reproduction. . . . . other biologists usually consider 
a cell dead when it has lost the power of respiration (or fermenta-
tion) or the power of reduction (methylene blue) or the power of 
selective permeability as evidenced by loss of plasmolysis ' or by 
absorption of dyes." 
Various theories have been advanced to explain the processes in-
volved in the destruction of bacteria and other cells by heat. 
Chick and Martin (16), working with proteins, concluded that 
the destruction of cells by heat consisted of a reaction between the 
water and some protein essential for life, the reaction resulting in 
coagulation of the protein. It was believed by Weiss (88) that the 
destruction of spores by heat was probably due to a gradual coagu-
lation of the protein, while Mayer (51) concluded that death from 
high temperatures was due to accumulation of acid (probably 
H2 COa) in the tissues. Rahn (58) conceived the cell as having one 
or more sensitive molecules which must be destroyed before the cell 
is killed. 
Spaeth (75) believed that death of the cell was invariably due to 
factors which caused an increased permeability of the cell wall. 
Working with Bacillus cereus, Zoond (92) showed that the death of 
the cell by heat was accompanied by an increase in permeability of 
the cell wall which allowed diffusion of salts of the cell. 
Buchanan and Fulmer (ll) state, "The death of a cell is probably 
due to some irreversible change in the protoplasm which has pro-
ceeded to such a point that it cannot function. It may in some cases 
be attributed to coagulation of proteins, or to destruction of essential 
enzymes. It should be emphasized that death induced by high 
temperatures is due to the acceleration of chemical or physical 
changes which proceed more slowly at lower temperatures." 
Theories of death by heat are summarized by Rahn (59) as 
follows: "Death by heat shows such close analogies to the heat 
coagulation of proteins, in temperature range as well as in the high 
temperature coefficients, that the general explanation of death by 
heat being due to coagulation of some parts of the protoplasm seems 
well founded. The greater resistance of dry cells corresponds well 
with the absence of coagulation of proteins when heated in dry 
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condition; dry bacteria at high temperatures do not die from coagu-
lation, but from oxidation." 
The growth and survival of a bacterial cell are extremely intricate 
and dependent upon a multiplicity of factors even under "normal" 
conditions of growth. When high temperatures are applied, the 
study becomes more complicated since heat speeds up reactions. It 
is unlikely that anyone theory could be proposed that would cover 
cell behavior under all conditions since, as pointed out by Miller 
(52), the cell protoplasm is itself complex in nature. 
FACTORS INFLUENCING HEAT RESISTANCE OF VEGETATIVE 
CELLS AND SPORES 
MOISTURE CONTENT 
Bacteriologists generally recognize that the thermal resistance of 
a bacterial cell is dependent to a great extent on its moisture con-
tent. According to Lewith (48), Hellmich isolated heat coagulable 
albumin from cell contents of bacteria. Lewith (48) demonstrated 
that the temperature of coagulation of pure albumin was inversely 
proportional to its water content and hence that hot water and 
steam owed their efficacious properties to the dilution of the protein 
material along with the heat. 
Both Cramer (17) and Benecke (5) found the moisture content 
of spores of bacteria lower than that of the ,vegetative cells. Cramer 
(18) suggested that the resistance of spores to dry heat depended 
upon the retention of hygroscopic moisture by the spore wall, while 
the resistance to moist heat depended upon the retarding effect 
which the spore wall exerted on the penetrating moisture as it 
passed through to the albumin. 
Burke (14) indicated that the degree of permeability of the cell 
walls of spores to water has an important influence on their resi:3t· 
ance to heat, since the unusual heat resistance of a few individual 
spores which survive the majority thermal death point undoubtedly 
depends upon the lower permeability of the spore walls to water. 
Robertson (63) concluded that the ability of living protoplasm 
to survive high temperatures depended, at least in part, upon a low 
moisture content. 
TIME AND TEMPERATURE OF EXPOSURE 
It is apparent that the destruction, thermal death rate or thermal 
death time of a definite number of bacteria under standardized en-
vironmental conditions depends on two factors, time and temperature 
of exposure. The thermal death point in one medium, however, may 
be appreciably different from that in another, owing to the influence 
exerted by various factors. 
In general, the time necessary for sterilization varies inversely 
with the temperature, as was found by Bigelow and Esty (8) when 
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working with a known suspension of bacterial spores in a medium 
of a known pH. These investigators (7) also found that lowering 
the temperature lOoC., from 1200 to llOoC., increased the time 
necessary for sterilization about lO times. 
Esty and Williams (29) succinctly summarize their results as 
follows: "The heat resistance of bacterial spores is not a constant 
but depends on a large number of variables. Any statement regard-
ing it should include all the conditions under which the spores are 
produced, heated, and subcultivated." 
HYDROGEN-ION CONCENTRATION 
Weiss (88), working with the spores of Bacillus botulinus, found 
that the pH of the spore suspension materially influenced the thermal 
resistance of the spores. He concluded that both the H-ion and 
OH-ion reduced the thermal resistance of the spores, and the rate 
of this reduction decreased as either the H-ion or OH-ion concentra-
tion increased. 
Bigelow and Esty (8) found that the period necessary to destroy 
known suspensions of spores decreased as the pH value increased. 
Myers (55), working with Bacterium coli, found that an increase 
in the pH, on the alkaline side of neutrality, of a given solution in-
creased its power to destroy the organism at a given temperature. 
Dickson, Burke and Ward (22), iby the addition of 5 percent lemon 
juice to a medium, lowered the thermal death point of Bacillus 
botulinus. Buchanan, Thompson, Orr and Bruett (12) also noted 
the importance of pH on the heat resistance of spores. 
OSMOTIC PRESSURE 
Robertson (63) demonstrated that an increase in osmotic pressure 
was accompanied by a rise in the thermal death point of bacterial 
cells. He found hypotonic solutions decreased the resistance of cells 
and hypertonic solutions increased, within limits, the heat resistance. 
Other investigators have obtained similar results, as is noted under 
the section on protective action. 
ACCLIMA TIZA TION 
Both heating and drying have been used as a means of modifying 
the virulence of organisms; examples are the work of Dozier (23) 
and Starin (77) with the botulism organism, and the studies of 
Wadsworth and Kirkbride (85) with the pneumococcus, as well as 
the attenuation of Bacillus anthracis and rabies virus. By selection, 
Magoon (50) developed a strain of Bacillus mycoides with a greater 
resistance to heat than that of the parent strain. 
van der Sluis (82) observed that cultures of Bacterium tubercu-
losis in media containing milk acquired an ability to withstand a 
higher temperature than Bacterium tuberculosis normally presenl 
in milk. 
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Working with strains of Escherichia coli, Borman (9) found that 
they acquired resistance to the bacteriostatic and germicidal action 
of cations and also that this acquired resistance toward one cation 
induced a comparable resistance toward other cations with different 
chemical properties. 
Casman and Rettger (15) attempted to acclimatize members of 
the "subtilis group" by gradually raising the temperature of incu· 
bation. After 1 year only a negligible degree of success was ap· 
parent. 
Robertson (63) believed that if certain microorganisms had the 
ability of adaptation to higher temperatures, the process of adapta. 
bility depended upon the elimination of water from the cell contents. 
The work of Kelly (45), showing that atypical strains of Bacillus 
cereus, Bacillus simplex and Bacillus megatherium were the causa-
tive agents in three types of spoilage in evaporated milk, suggests a 
possible confirmation of the contention that spoilage in evaporated 
milk may be due to super· resistant variants of common forms. 
PROTECTIVE ACTION 
It has been suggested by various investigators that an "important 
factor aiding a microorganism in resisting destruction by heat is 
the existence of a protective coating about the cell. This may be an 
inherent part of the microorganism, such as a mucoid secretion or 
a capsule; or it may be an artificial covering, such as is formed 
when bacteria are heated in milk. Robertson (63) also suggests the 
dehydrating influence of hypertonic solutions. 
Working with the tubercle bacillus, Smith (73) was the first to 
observe that milk afforded a protective action to microorganisms. 
Russell and Hastings (65) confirmed Smith's observations. Ficker 
(31) , Wolff (91), Barthel and Stenstrom (3), Gorini (33, 34), 
Ayers and Johnson (2), Holman (42) and Brown and Peiser (10) 
also demonstrated the protective action of milk. 
Watkins and Winslow (86) made conjectures as to the production, 
by cultures of Escherichia coli, of protective substances which in-
creased the heat resistance of older cultures. 
Winslow and Brooke (90) reported that meat extract and pep-
tone increased the heat resistance of bacteria, perhaps by acting as 
protective colloids. Sommer (74) and Murray and Headlee (54) 
also found that peptone possessed a protective action. 
The protective action of sugar in increasing the heat resistance of 
bacteria has been shown by Anzulovic (1), Weiss (89), Robertson 
(63) , Toulouse (80), Fay (30) and others. Viljoen (83) obtained 
a marked protective action for bacteria against heat by the addi-
tion of 1.5 to 2.5 percent sodium chloride to pea liquor. Bartlett 
and Kinne (4), Bullock (13) and Dreyer and Walker (24) found 
that glycerol and other water·free fluids afforded bacterial cells 
protection against heat. Esty and Meyer (28) heated Bacillus Botuli-
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nus spores in the juices of 17 varieties of canned food and obtained a 
variation in heat resistance of the spores from less than 10 minute" 
to 230 minutes at 100°C. 
AGE OF CULTURE 
Various investigators have found that spores or cells from young 
cultures are much less resistant to high temperatures than those 
from older cultures. Dickson et al. (21) and Magoon (49) reported 
old spores more resistant to heat than young spores. Stark and 
Stark (78) found the young cells of Streptococcus lecalis markedly 
less resistant than the mature cells, while Weiss (88) and Esty and 
Meyer (28) found young moist spores more resistant to heat than 
old spores. 
Sherman, Stark and Stark (72) stated that some important milk 
bacteria (for example, ropy milk types) may be eliminated from 
milk by pasteurization when the cells are in a young and growing 
condition, while the older cells of the same organisms are able to 
withstand the process. Sherman and Albus (70) noted that the young 
cells of Bacterium coli were more rapidly destroyed by heating to 
relatively low temperatures than were the older cells. Sherman and 
Cameron (71) reported that young cells of Bacterium coli may be 
killed by abrupt environmental changes within the natural range of 
growth of the organism. 
Relative to non.spore-forming bacteria, Robertson (64) noted 
that the young, rapidly growing or adolescent cells are more 
susceptible than the older cells to the killing action of high tempera-
tures. Hammer and Hussong (40) reported similar results with 
Aerobacter aerogenes. 
RESISTANCE OF SPORES 
Burke (14) and Esty (27) observed the presence of especially 
heat-resistant individuals in spore suspensions. Shanly (69) noted 
variations in the resistance of spores of different strains of the same 
species, and Dickson et al. (20, 21) found marked variations in the 
resistance of spores of Clostridium botulinum. Magoon (49) noted 
that the resistance of spores to heat is not a fixed property but a 
variable one, the degree of resistance being influenced by age, the 
temperature and humidity of the environment and possibly other 
factors. 
NUMBER OF SPORES 
There is considerable experimental evidence indicating that with 
an increase in the size of the initial seeding, there is an increase in 
the period required for complete cell destruction. This relationship 
is noted in the work of Eijkman (26), Bigelow and Esty (8), Esty 
and Meyer (28), Esty (27) and Watkins and Winslow (86). 
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GROWTH CONDITIONS 
Some investigators, such as Rabinowitsch (57), Schillinger (68) 
and Tsiklinski (81), have suggested that unusual thermal resistance 
can be acquired by the aerobic, spore-forming species. Eckelmann 
(25) found that the cultures studied had the ability to partially 
lose or recover their heat resistance. Growth in liquid media de-
creased the heat resistance, but long growth on solid media resulted 
in recovery of the heat resist~'.llce. Curran (19) found that the heat 
resistance of spores formed and held on artificial media was less 
than that of those formed and held in a natural environment. 
von Esmarch (84) and Gruber (35) showed that the resistance 
of microorganisms was partly dependent upon the conditions under 
which they had been grown. Wei I (87) confirmed the work of 
von Esmarch and noted that the temperature of incubation appeared 
to influence the ability of anthrax spores to resist heat. 
That the type of culture medium used influences the heat resist· 
ance of microorganisms has been demonstrated repeatedly, notably 
by Weiss (88), Reiter (61), Esty (27) and Watkins and Winslow 
(86). Esty and Meyer (28) grew Bacillus botulinus in various 
media and found that the heat resistance varied widely. 
SPORE-FORMING AEROBIC BACTERIA IN THE SPOILAGE 
OF EVAPORATED MILK 
According to Lawrence and Ford (46) and Robertson (62), 
Hueppe was the first to call attention to the presence of aerobic, 
spore-forming bacteria in milk. Fliigge (32), in 1894, described 
11 species found in boiled milk. Since then, most of the investi-
gators studying thermophilic, aerobic, spore-forming bacteria have 
~hown them to be present in milk. Some of the workers have been 
Leichmann (47), Rabinowitsch (57), Schardinger (67), Tanner 
and Harding (79), Lawrence and Ford (46) and Prickett (56). 
Since thermophilic, aerobic, spore-forming bacteria are usually 
present in milk, although milk is not their normal habitat, it is 
possible that the aerobic, spore-forming bacteria found in spoiled 
evaporated milk come from the original raw milk. 
Aerobic, spore-forming bacteria found to be responsible for 
spoilage in evaporated milk include: Bacillus coagulans by Ham-
mer (36) ; Bacillus amams by Hammer (38) ; Bacillus panis (Mig-
ula) by Spitzer and Epple (76); Bacillus cereus by Hammer and 
Hussong (41) ; Bacillus cereus, Bacillus simplex, and Bacillus mega-
therium by Kelly (45); Bacillus vulgatus by Morrison and Rettger 
(53) ; and Bacillus calidolactis by Hussong and Hammer (44). 
In addition to the aerobic, spore-forming bacteria, various spore-
forming anaerobes, as well as yeasts, micrococci and streptococci, 
have been responsible for spoilage in evaporated milk, as shown by 
Savage and Hunwicke (66), Hunziker (43) and Hammer (37,39). 
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Morrison and Rettger (53) noted that evaporated milk suppli(,~ 
a consistently favorable, protective and uniform environment which 
reduced to a minimum any tendency toward variation in the heat 
resistance of uniform suspensions of spores heated in it. 
METHODS 
Organisms used in the study were isolated from four sources as 
follows: (a) Directly from spoiled evaporated milk, (b) directly 
from normal appearing evaporated milk, (c) directly, by a COlll-
mercial laboratory, from normal appearing evaporated milk and 
(d) from raw milk by heating at SO°c. for 10 minutes, incubating 
at 37° or 55° C. and plating with incubation of the plates at 21°, 
37°, 45° or 55°C. 
Except for a few of the preliminary tests, the trials were con-
ducted with a DeKhotinsky constant temperature bath containing 
light mineral oil and equipped with a high speed turbine agitator. 
The desired temperatures were maintained within -+- 0.2°C. 
Following a series of comparative trials with evaporated milk 
and sterile skimmilk, the latter medium was always used for suspend-
ing the spores. To reduce the period required for heat penetration, 
small volumes of spore suspensions regularly were employed and 
were heated in agglutination tubes approximately 10 mm. in out-
side diameter by 75 mm. long, with a wall thickness of about 1 mm. 
The sterilized tubes were partially filled with 2.0 ml. samples of 
spore suspension and then sealed in a blast lamp. 
Nutrient agar gave good growth and spore production with most 
of the cultures, while it was necessary to resort to beef infusion 
agar with cultures 5, 10, 11, 12 and 17. An attempt was made to 
grow each organism at 10°, 21°, 37°, 4.5° and 55°C. Growth never 
was obtained at 10°C., and none of the organisms had a growth 
range from 21 ° to 55°C. In preparing spore suspensions, agar 
slants were inoculated with a pure culture of the organism to be 
tested and incubated at temperatures which preliminary work indi-
cated would permit growth and development of spores. Incubation 
periods were varied with the growth temperatures to permit large 
productions of spores and yet obtain comparisons of spores of ap· 
proximately the same age. 
In general, the production of spores was slower at low tempera-
tures than at higher temperatures, but extended periods of incuba-
tion at the higher temperatures decreased the numbers of viable 
spores on the slants. A portion of each growth was transferred to 
60 ml. of sterile skimmilk and the milk then agitated vigorously 
for several minutes. The spore contents per milliliter of skimmilk 
in comparative thermal resistance trials were kept relatively uni-
form by varying the quantities of growth taken from the slants. 
With each spore suspension, eight tubes were prepared for the 
heat exposures, which involved temperatures from 104.0° to 120.00C. 
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The interval between the removal of the slants from the incubator 
and immersion of the spore suspensions in the oil bath never ex-
ceeded 20 minutes. Before subjecting the tubes to the desired tem-
perature they were exposed to the same temperature for 15 seconds 
in a preliminary oil bath. Although eight tubes were prepared for 
each trial, only seven exposures were used, and the eighth tube was 
needed only when a tube was broken accidentally. The skimmilk 
remaining after filling the tubes was heated at 80° C. for 10 minutes 
and plated for spore content on the assumption that the spores, but 
not the vegetative cells, would survive this exposure. 
In the preparation of spore powder, broth cultures were used to 
inoculate the surface of nutrient or beef infusion agar in a series 
of plates. The plates were incubated at 21 °, 37° or 45°C. for 5 
days or at 55°C. for 3 days. At the end of the incubation period the 
surface growth was scraped into a sterile plate and dried over 
calcium chloride in a partial vacuum at 37°C. for 48 hours. The 
material was then ground in a sterile mortar and well mixed with 
sterile powdered lactose. Spore powders were kept in steri le, glass-
stoppered, 2-ounce bottles at room temperature over calcium chlor-
ide in a desiccator. 
The spore contents of powders were determined by adding ap· 
proximately 0.01 gm. to 100 m!. of sterile water and plating after 
holding at 80°C. for 10 minutes. This small portion of spore powder 
was measured by means of a sterile measuring spoon having ap-
proximately 0.01 gm. capacity. Each measure of powder was ob-
tained with a standard procedure to assure reasonably uniform 
portions. Repeated weighings demonstrated that approximately 0.01 
gm. portions of powder were regularly obtained by this method. 
In testing the heat resistance of the spores in a powder, it was 
transferred directlv to 60 m!. of sterile skimmilk with the sterile 
measuring spoon, the amount of powder being varied in accordance 
with the spore content. Mter the transfer to skimmilk, the pro· 
cedure for preparing the spore suspensions was the same as when 
using spores from agar slants. 
In each trial on the comparative heat resistance of moist and dry 
spores or dry spores of different ages, an attempt was made to obtain 
spore suspensions containing approximately the same number of 
spores per milliliter. In some instances it was necessary to make 
several runs before satisfactory spore counts were obtained in com-
parative trials. 
With each spore suspension the exposure periods used in the pre-
liminary trial were 3, 5, 7, 10, IS, 20 and 25 minutes. Mter the 
first trial, the exposure periods were often varied in an attempt to 
have about the same number of periods above and below the long-
est period yielding growth. For example, if the preliminary trial 
showed the last survival at 7 minutes the exposure periods were 
then changed to 3, 4, 5, 7, 9, 12 and IS minutes. In practically an 
86 
trials other than the preliminary ones the differences between ex-
posures were 1 minute from 0-5 minutes, 2 minutes from 5-9 
minutes, 3 minutes from 9-15 minutes and 5 minutes from 15-40 
minutes. At the end of each exposure period a tube was removed, 
immediately placed in a bath of cold water and tested for sterility 
within 10 minutes. 
Sterility of a spore suspension after exposure to heat was de-
termined by inoculating a tube of litmus milk (cultures 1 and 5) or 
dextrose broth containing bromcresol purple (all cultures except 
1 and 5) with aIm!' portion of the contents of the heated tube 
and incubating for 7 days at a favorable growth temperature for 
the culture. As a check, several loops of the heated spore suspension 
were streaked on a suitable agar slant and the slant also incubated. 
Bacterial counts were not made on the heated spore suspensions 
because the point of importance in the study, as in evaporated milk, 
was complete sterilization. . 
All hydrogen ion determinations were made electrometrically, 
using quinhydrone, and calculated to the nearest 0.1 pH. 
RESULTS 
COMPARISON OF HEAT RESISTANCE OF SPORES SUSPENDED IN 
EVAPORATED MILK AND IN SKIMMILK 
Various investigators, notably Ayers and Johnson (2), Barthel 
and Stenstrom (3) and Brown and Peiser (10), have demonstrated 
that milk, when used as the suspension medium for the vegetative 
cells or spores of bacteria, aids them in resisting destruction by 
heat. Accordingly, in determining the thermal resistance of an 
organism in milk, the influence of the protective action of the 
medium requires consideration. 
In the studies on the influence of growth temperature on the 
thermal resistance of the spore-forming bacteria from evaporated 
milk, it seemed advisable to use either evaporated milk or sterilized 
skim milk as the suspension medium, instead of sterile water or 
broth, so that the conditions of heating would be more comparable 
to those existing during the sterilization of evaporated milk. Be· 
cause ,of the convenience of using skimmilk, the comparative resist· 
ance of organisms in this medium and in evaporated milk was in· 
vestigated with five representative cultures. The conditions were 
kept as nearly identical a'3 possible except for the suspension . 
medium. In each comparison, the difference in the spore contents 
of the skimmilk and evaporated milk was small; and since the 
spores were from one source, the growth temperature and age were 
the same. The evaporated milk used was :not re-sterilized but was 
transferred aseptically from commercial cans of evaporated milk. 
It had a pH of 6.5 while the pH of the skimmilk was 6.4. 
Results of the trials are presented in table 1. With three of the 
five cultures there was no difference in the heat resistance in the 
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TABLE 1. COMPARISON OF HEAT RESISTANCE OF SPORES SUSPENDED IN 
EVAPORATED MILK AND IN SKIMMILK. 
(Temperature of exposure 116.0·C.) 
CuI ture used 
Milk used Spores p er Periods of heating Survival 
IGrowth l Age for ml. of milk 
No. t.:C~· (days) suspension heated (min.) (min.) 
1 37 5 evap. 18,000 2, 3, 4. 5, 7, 9, 11 7 skim 17,400 7 
- -- 4,500 18 2 37 5 evap. 16, 18, 20, 22, 24, 26, 28 skim 3,500 20 
- -- 290.000 18 4 37 5 evav. 16, 18, 20, 22, 24, 26, 28 skim 250,000 20 
- - - 500 30 5 55 3 evap. 26, 28, 30, 32, 34. 36, 38 skim 450 30 
- -- 45,000 2 9 45 3 evap. I, 2, 3, 4, 5. 7, 9 skim 40,000 2 
two media, while with two cultures the organisms survived slightly 
longer in the skimmilk than in the evaporated milk. In each instance, 
however, the difference was only 2 minutes with a relatively long 
survival period at 116.0° C. and does not appear to be significant, 
especially since the results of the three other comparisons showed 
no difference between the two media. 
When the thermal resistance of the spore-forming organisms was 
found to be essentially the same in evaporated milk and sterilized 
skimmilk, the latter medium was selected for the detailed trials. 
The decision was influenced by additional considerations: (a) Evapo-
rated milk is difficult to transfer to flasks without danger of COll-
tamination, and (b) it seemed inadvisable to re-sterilize evaporated 
milk because of the further changes in composition which might 
influence the protective action on organisms. 
COMPARATIVE THERMAL RESISTANCE OF BACTERIA GROWN AT 
TWO DIFFERENT TEMPERATURES 
Each of 11 cultures which showed considerable resistance to heat 
was grown at two temperatures and the spores tested for heat resist-
ance. The higher of the two was regularly the temperature among 
those used which gave the most luxuriant growth (referred to as the 
approximate optimum) and was 37°, 45° or 55° c.. while the lower 
temperature used for comparison was 21°, 37° or 45°C., respec-
tively. Before testing the heat resistance of an organism grown at 
a certain temperature, it was carried through at least three transfers 
at that temperature. 
Table 2 gives the data obtained. There was some variation in the 
heat resistance of a culture in the different trials, but this was not 
large enough to influence the . general conclusions. In 53 of the 57 
comparisons the spores grown at the more favorable temperature 
possessed the greater thermal resistance, In trial 3 with culture 3 
88 
TABLE 2. COMPARATIVE THERMAL RESISTANCE OF SPORES OF VARIOUS 
CULTURES GROWN AT TWO DIFFERENT TEMPERATURES. 
Trial Growth Spores per Periods of heating Survival 
no. temp. m!. of milk (min.) (min.) (·C.) heated 
Culture I, days old, heated at 114.5·C. pH of milk 6.3 
21 149,000 3, 5, 7, 10, 15, 20, 25 5 
37 24,000 3, 5, 7, 10, 15, 20, 25 15 
----21 9,500 2, 3, 4, 5, 7, 9, 11 3 
37 7,000 7, 9, 12, 15, 20, 25, 30 12 
----21 39,000 2, 3, 4, 5, 7, 9, 11 7 
37 75,000 7, 9, 12, 15, 20, 25, 80 12 
- - --240,000 5, 7, 9, 11 4 21 2, 3, 4, 5 37 130,000 7, 9, 12, 15, 20, 25, 30 12 
21 12,000 2, 3, 4, 5, 7, 9, 11 5 
37 45,000 7, 9, 12, 15, 20, 25, 301 20 
21 67,000 2, 3, 4, 5, 7, 9, 11 3--
37 77,000 7, 9, 12, 15, 20, 25, 30 20 
7 21 32,000 2, 3, 4, 5, 7, 9, 11 5 37 40,000 7, 9, 12, 15, 2()1, 25, 30 20 
----21 51,500 2, 3, 4, 5, 7, 9, 11 5 
37 76,000 7, 9, 12, 15, 20, 25, 30 25 
----21 120,000 2, 3, 4, 5, 7, 9, 11 5 
37 57,000 7, 9, 12, 15, 20, 25, 30 15 
10 21 170,000 2, 3, 4, 5, 7, 9, 11 5 37 94,000 7, 9, 12, 15, 2(), 25, 30 20 
11 21 145,000 2, 3, 4, 5, 7, 9, 11 
3--
37 68,00(1 7, 9, 12, 15, 20, 25, 30 15 
Culture 2, days old, heated at 116.0'· C. pH of milk 6.3 
21 35,500 3, 5, 7, 10, 15, 20, 25 7 
37 53,000 3, 5, 7, 10, 15, 20, 25 15 
2 21 30,000 3, 4, 5, 7, 9, 12, 15 
9--
37 66,000 7, 9, 12, 15, 20, 25, 30 25 
3 21 55,000 3, 4, 5, 7, 9, 12, 15 9 87 43,500 7, 9, 12, 15, 20, 25, 3() 25 
--26,500 4, 9, 12, 15 9 4 21 3, 5, 7, 37 59,500 7, 9, 12, 15, 2(), 25, 30 25 
21 21,000 3, 4, 5, 7, 9, 12, 15 7 
37 100,000 7, 9, 12, 15, 20, 25, 30 25 
21 100,000 3, 4, 5, 7, 9, 12, 15 9 
37 35,OM 7, 9, 12, 15, 20, 25, 30 15 
21 10,500 3, 4, 5, 7, 9, 12, 15 12 
37 10,000 7, 9, 12, 15, 20 25, 30 20 
8 21 26,000 3, 4, 5, 7, 9, 12, 15 9 37 30,000 7, 9, 12, 15, 20, 25, 30 25 
21 16,000 3, 4, 5, 7, 9, 12, 15 9 
37 13,500 7, 9, 12, 15, 20, 25, 30 15 
10 21 13,000 3, 4, 5, 7, 9, 12, 15 37 11,000 7, 9, 12, 15, 20, 25, 30 
Culture 3, days old, heated at 116.0·0. pH of milk 6.4 
21 1,200,000 3, 5, 7, 10, 15, 20, 25 None 
37 1,500,000 3, 5, 7, 10, 15, 20, 25 3 
21 5,000,000 I, 2, 3, 4, 5, 7, 9 None 
37 4,500,000 I, 2, 3, 4, 5, 7, 9 3 
~ 21 4,300,000 I, 2, 3, 4, 5, 7, 9 3 37 5,500,000 I, 2, 3, 4, 5, 7, 9 3 
4 21 1,300,000 I, 2, 3, 4, 5, 7, 9 None 37 1,100,000 1 2, 3, 4, 5, 7, 9 3 
21 1,&00,000 I, 2, 3, 4, 5, 7, 9 None 







TABLE 2. (Continued) 
Spores per 
ml. of milk 
heated 
Periods of heating 
(min.) 
Culture 4. 5 days old, heated at 116.0·C. pH of milk 6.3 
Survival 
(min.) 
21 16,000 3, 5, 7, 1(}, 15, 20, 25 5 
37 27,000 3, 5, 7, 10, 15, 20, 25 10 
21 16,000 3, 4, 5, 7, 9, 12, 15 7 
37 15,()00 5, 7, 9, 12, 15, 20, 25 20 
21 18,000 3, 4, 5, 7, 9, 12, 15 9 
37 22,000 5, 7, 9, 12, 15, 20, 25 25 
21 18,000 3, 4, 5, 7, 9, 12, 15 7 
37 51,000 5, 7, 9, 1~, 15, 20, 25 20 ------+---~2~1----~--~1~6~,O~0~0--~--~'3~,~4~,~5,~7~,~9~,~1~2~,~1~5~- ----5----
______ +-__ ~3~7----~--~1~0~,O~070--~--~5,~7~,~9~,71-2~,-1~5~,~2~0~,~2~5~- ____ 25 __ ___ 
21 14,000 3, 4, 5, 7, 9, 12, 15 5 6 37 12,O(}0 5, 7, 9, 12, 15, 20, 25 15 
21 18,000 3, 4, 5, 7, 9, 12, 15 7 
37 13,000 5, 7, 9, 12, 15, 20, 25 20 
21 11,000' 3, 4, 5, 7, 9, 12, 15 5 
37 16,000 5, 7, 9, 12, 15, 20, 25 15 B 
Culture 5, 3 days old, heated at 120.0·C. pH of milk 6.4 
45 500 3, 5, 7, 10, 15, 2(), 25 5 
55 800 3, 5, 7, 10, 15, 20, 25 20 
45 1,000 3, 4, 5, 7, 9, 12, 15 7 
55 2,000 9, 12, 15, 20, 25, 30, 35 25 
45 5,000 3, 4, 5, 7, 9, 12, 15 9 
55 10,050 9, 12, 15, 20, 25, 3(), 35 25 3 
45 1,000 3, 4, 5, 7, 9, 12, 15 7 
55 7,600 9, 12, 15, 20, 25, 3(), 35 25 4 
45 2()0 3, 4, 5, 7, 9, 12, 15 -----5----
______ +-__ ~5~5----~----~1~0~0--T_~9~,~1~2~,~1~5~,~2~0~,~2~5~,~3~0~,~3~5~- ____ 25 __ __ 
45 100 3, 4, 5, 7, 9, 12, 15 5 
55 200 9, 12, 15, 20, 25, 30, 35 25 
45 100 3, 4, 5, 7, 9, 12, 15 5 
55 250 9, 12, 15, 20, 25, SO, 35 20 7 
Culture 7, 5 days old, heated at 106.0·C. pH of milk is.3 
21 40,O(}0 3, 5, 7, 10, 15, 20, 25 3 
______ +-__ ~3~7----~~~7~0~,O~0~0--+_--~3,~5~,~7~,~1~()~,-1~5~,~2~0~,~2~5~- ____ 7 __ __ 
21 1,000,0001 1, 2, 3, 4, 5, 7, 9 3 
37 BOO,OOO 3, 4, 5, 7, 9, 12, 15 7 









3, 5, 7, 10, 15, 20, 25 
3, 5, 7, 10, 15, 20, 25 
I, 2, 3, 4, 5, 7, 9 
I, 2, 3, 4, 5, 7, 9 
Culture 9, days old, heated at 110.0·C. pH of milk 6.3 
37 BO,OOO 3, 5, 7, 10, 15, 20, 25 II 







37 100,00'0 I, 2, 3, 4, 5, 7, 9 1 
______ +-__ -;4"'5~--T____,"'B~0.:.;,0~0~0--_:_-----=27' ...::30;;' ...::4, 5, 7, 9, 12 
37 20(),OOO I, 2, 3, 4, 5, 7: 9- 1----5----
______ +-__ ~4~5--~,_~1~7~O,~0~00~_T------~2,~3~,~4~,~5~,~7, 9, 12 5 
37 25(),001) I, 2, 3, 4, 5, 7-;-9---1 3 
45 120,000 2, 3, 4, 5, 7, 9, 12 5 4 
37 210,000 I, 2, 3, 4, 5, 7, 9 1 5 
45 170,000 2, 3, 4, 5, 7" 9, 12 7 
37 300,00~ I, 2, 3, 4, 5, 7, 9 I 5 






Growth I temp. 
('C.) 
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TABLE 2. (Continued) 
Spores per I 
ml. of milk 
heated 
Periods of heating 
(min.) 
Culture 10, 3 days old, heated at lj16.0'O. pH of milk 6.3 
45 600 3, 5, 7, 10, 15, 20, 25 
55 800 15, 20, 25, 30, 35, 40, 45 
45 410 3, 6, 7, 10;15;20;-25 
55 500 15, 20, 25, 30, 35, 40, 45 
Culture 11, 3 days old, heated at 116.(I' C. pH of milk 6.3 
45 11,700 15, 20, 25, 30, 35, 40, 45 
55 17,800 15, 20, 25, 30, 35, 40, 45 
45 11,300 15, 20, 25, 30, 35, 40, 45 
55 3,000 15, 20, 25, 30, 35, 40, 45 
Culture 12, 3 days old, heated at 116.()'C. pH of milk 6.3 
45 12,300 5, 7, 9, 12, 15, 20, 25 
55 11,400 15, 20, 25, 30, 35, 40, 45 
45 9,00(1 5, 7, 9, 12, 15, 20, 25 















and in trials 2, 3 and 6 with culture -9 there was no difference in 
the resistance of the spores grown at the different temperatures, and 
the other trials with these organisms showed only small variations 
in the resistance. The spore contents of the milk heated in the com-
parative trials varied somewhat, but no significant difference in 
thermal resistance could be attached to this, the more resistant 
spores in a comparison sometimes being present in larger numbers 
than the less resistant spores and sometimes in smaller numbers. 
Likewise, there was considerable variation in the spore contents of 
the milk in the different trials with an organism, but this also was 
not reflected in the results of the heat resistance tests. 
Data presented in table 2 are summarized in table 3. Each culture 
possessed a greater average thermal resistance when grown at the 
approximate optimum temperature than when grown below it and 
this was striking with every culture except culture 9. Differences 
in the average survival periods of the various cultures when grown 
at the two temperatures were especially conspicuous with cultures 
1, 2, 4, 5, 10, 11 and 12, being 12.3, 11.4, 12.5, 17.5, 20.0, 7.5 and 
20.0 minutes, respectively, at the various temperatures used with the 
cultures. 
COMPARATIVE THERMAL RESISTANCE OF BACTERIA GROWN AT 
THREE DIFFERENT TEMPERATURES 
Since a growth temperature below the approximate optimum 
lowered the thermal resistance of spores, the influence of a tempera· 
ture above the approximate optimum was investigated. With the 
temperatures used, only five of the cultures showed growth both 
above and below the approximate optimum. These were carried 
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TABLE 3. COMPARATIVE THERMAL RESISTANCE OF SPORES OF VARIOUS 
CULTURES GROWN AT TWO DIFFERENT TEMPERATURES. 
(Summary of data in table 2.) 
Culture used 
I 
Exposure Spores per ml. Survival Range of 
No. of I Growth I Ago temp. of milk heated min. survival No. trials ~;c:i (days) (OC.) (ave.) (ave.) (min.) 
--






37 63,000 16.9 12 - 25 
--
---
--2-1--- 33,350 I 8.5 I 5 -12 2 10 37 5 116.0 42,150 19.9 9 - 25 
-------2-1- -- 2,680,000 
\ 
0.6 
\ 3 5 5 116.0 
0-3 
37 3,600,000 3.0 3-3 
-----
--2-1--- 15,875 
\ I 4 8 5 116.0 6.3 5-9 37 20,750 18.8 10 - 25 
--
---
--4-5--- I I 5 7 3 120.0 1,129 6.1 5-9 55 3,000 23.6 20 - 25 
-------2-1--- 520,000 I 3.0 I 3-3 7 2 37 5 106.0 435,000 7.0 7-7 
-- 625,000 
\ 
0.0 I 8 2 21 5 106.0 0-0 37 720,000 3.0 3-3 
--
---
--3-7--- 190,000 I 4.3 I 9 6 5 110.0 3-5 45 146,666 5.3 6-7 
--
---
--4-5--- 505 I 10.0 \ 10 -10 10 2 55 3 116.0 650 30.0 30 - 80 
----- 45 -- 11,500 I 26.0 I 26 - 25 11 2 65 3 116.0 10,400 32.5 30 - 35 
-------4-5--- 10,650 
\ 
10.0 I 5 -16 12 Z 55 3 116.0 9,700 30.0 80- 30 
through at least three transfers at each growth temperature before 
the heat resistance trials were carried out. 
Table 4 presents the results of the comparisons. In 9 of the 10 
trials spores produced at the approximate optimum temperature 
exhibited a greater thermal resistance than spores grown below it. 
The exception was trial 2 with cultur~ 9 in which the heat resistance 
was the same for spores from the three sources. In 7 of the 10 trials 
spores produced at the approximate optimum possessed a greater 
resistance than spores grown above it; trials 1 and 2 with culture 
7 and trial 2 with culture 9 showed the same resistance for spores 
developed at the two temperatures. Considering all the tests the 
spores grown at the approximate optimum exhibited a greater heat 
resistance than the spores grown above or below it in 7 of the 10 
trials. There was no evidence that variations in the spore contents 
of the milk heated were related to the period of survival of the 
spores. 
Data given in table 4 are summarized in table 5. On the basis 
of average results, four of the five cultures showed the maximum 
heat resistance when grown at the approximate optimum temperature, 
while one culture showed as great a resistance when grown above 
the approximate optimum as when grown at this temperature. The 
greater heat resistance when grown at the approximate optimum 
was rather marked with three of the cultures. 
9~ 
TABLE 4. COMPARATIVE THERMAL RESISTANCE OF SPORES OF VARIOUS 
CULTURES GROWN AT THREE DIFFERENT TEMPERATURES. 
Trial Growth Culturo Spores per Periods of heating Survival 
no. 
temp. ago ml. of milk (min.) (min.) (·C.) (days) heated 
Culture 2, heated at 116.0·C. pH of milk 6.3 
37 5 11,000 7, 9, 12, .15, 20. 25, 30 9 
21 5 13,000 3, 4, 5, 7, 9, 12, 15 I 3 
--2---i---;;-i~;:---i----.:;-i-+-----;~cC:~g"'g- --;:-i:-k :~5!: 2i~-~i~ ~i -1--1i- -
45 3 2,300 3, 4, 5, 7, 9, 12, 15 7 
Culture 4, heated at 116.0·C. pH of milk 6.3 
37 5 171,O!)0 5, 7, 9, 12, 15, 20, 25 15 21 5 163,000 3, 4, 5, 7, 9, 12, 15 I 3 
___ -:--_-:::4,;-5_-:--_-:::3_--+-_,,-1:-:1"-'o:-'o,.'-0'-----; _ _ --:3"-' _47''-=5''--"7'-' 9, 12, 15 3 
~i ~ gg:~~~ 5, \ \ 5i2:'l~:lCn-I--2~9--2 
45 3 40,000 3, 4, 5, 7, 9, 12, 15 
Culture 7, heated at 106.0·0. pH of milk 6.3 
21 5 l,300,OO!) 1, 2, 3, 4, 5, 7, 9 3 
37 5 700,000 3, 4, 5, 7, 9, 12, 15 7 
___ -:--_~4~5--:---~3-+-1~,780~0~,O~0"'0~---~l,~2~,~3~,-4~5~-~7~_ 
21 5 2,100,000 1, ~, 3, 4, 5, 7, 9 3 
2 37 5 l,30!),OOO 3, 4, 5, 7, 9, 12, 15 7 













Culture 8, heated at 106.0·C. pH of milk 6.3 
5 1,400,000 1, 2, 3, 4, 5, 7, 9 
5 1,300,000 1, 2, 3, 4, 5, 7, 9 
3 800,000 1, 2, 3, 4, 5, 7, 9 
5 400,000 1, 2, 3, 4, 5, 7, 9 
5 700,OO!) 1, 2, 3, 4, 5, 7, 9 
3 400,000 1, 2, 3, 4, 5, 7, 9 
Culture 9, heated at 110.0·0. pH of milk 6.3 
5 300,000 1, 2, 3, 4, 5, 7, 9 
3 280,000 2, 3, 4, 5, 7, 9, 12 
3 76,000 1, 2, 3, 4, 5, 7, 9 
5 31,000 1, 2, 3, 4, 5, 7, 9 
3 10,000 2, 3, 4, 5, 7, 9, 12 













iNFLUENCE OF A SUDDEN CHANGE IN GROWTH TEMPERATURE 
ON THE THERMAL RESISTANCE OF BACTERIA 
In the trials thus far reported each culture was carried through 
at least three transfers at a certain temperature before it was used 
in heat resistance tests. The influence of a sudden change in growth 
temperature was investigated in a series of trials using six organ-
isms, The general procedure was to grow a culture--that had been 
carried at one temperature for some time--at a decidedly different 
temperature and then determine the heat resistance of the spores 
in the culture. 
A summary of the results obtained is presented in table 6. In 
general, the average thermal resistance was increased by a sudden 
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TABLE 5. COMPARATIVE THERMAL RESISTANCE OF SPORES OF VARIOUS 
CULTURES GROWN AT THREE DIFFERENT TEMPERATURES. 












( · C.) 
I[ Spores per ml. 





2 37 5 116.0 6,250 12.0 
21 5 7,500 1 3.0 
__ -+ ___ +-_~4,:,-5_-+_",,3:---+ ____ +-_--,-;1,300 5.0 
21 5 144,000-1--6.0--
4 37 5 116.0 135,500 17.5 
__ ---; ___ -+-_--::4"'5_---+_...,3:------+ ____ -+-_-:-:;'25,500 6.0 
21 5 1,700,000-1--3.0--
7 37 5 106.0 1,000,000 7.0 
__ ---; ___ -+-_--::4:::.5 __ :._-'3:------+ ____ -+-_-=1,500,000 7.0 
21 5 900,000--, 0.0 
8 37 5 106.0 1,000,000 3.0 
45 3 600,000 0.0 ---+---+--~3;;'7 --+-""5:---+----+---7:165'500-- 1--4-.0--
45 3 110.0 145,000 5.0 
55 3 43.000 4.0 
change in the growth temperature from below the approximate 
optimum to this temperature, while there was a decrease in the 
resistance with a change from the approximate optimum to a lower 
temperature. From the data given it appears that the spores of 
cultures grown for some time at the approximate optimum were 
more resistant to heat than the spores of cultures grown there for 
only one transfer. 
Culture 1, when grown for several transfers at 37°C., produced 
spores with an average thermal resistance of 18.8 minutes at1l4.5°C., 
but when grown there for only one transfer following a number of 
transfers · at 21 °C. the average thermal resistance was 5.8 minutes. 
This same relationship was evident with cultures 3, 4, 5 and 9, but 
the differences in resistance were much less than with culture 1, 
while with culture 2 the spores were just as resistant after one trans-
fer at 37° C. as after many. There also appeared to be a tendency 
for cultures grown for only one transfer at a temperature below the 
approximate optimum to produce spores with a greater thermal 
resistance than those from cultures grown for several transfers at 
the same temperature. This tendency was evident with cultures 1, 
.3, 4 and 5, while with culture 2 one transfer at a temperature below 
the approximate optimum produced spores with about the same 
thermal resistance as the spores from cultures grown for several 
transfers at the temperature, and with culture 9 the average thermal 
resistance was the same with one transfer at the lower temperature 
as with several. 
Detailed data used for the summary are not presented because 
the variations between trials were essentially the same as with the 
data given in tables 2 and 4. A sudden change of the growth tem-
perature from below the approximate optimum to this temperature 
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TABLE 6. INFLUENCE OF A SUDDEN CHANGE IN GROWTH TEMPERATURE 
ON THE THERMAL RESISTANCE OF SPORES OF VARIOUS CULTURES. 
Summary 
Culture used 
Exposure Spores per ml. 
I No. of IGrowth I Age temp. of milk heated No. trials ~c~i (days) (OC.) (ave.) 
1 21 163.625 
l-A 4. 37 5 114.5 79,375 I-B 21 320,000 
1 37 162,500 
-2- - - 21 41,625 
2-A 4. 37 5 116.0 162,500 2-B 21 30,500 
2 37 24,000 
-8- -- 1,900,000 21 
3-A 3 87 5 110.0 2,933,383 3-B 21 1,333.333 
8 37 2,133,333 
--
-2-1- -- 11,200 4 
4-A 37 5 116.0 9,000 4-B 5 21 12,000 
4. 37 15,800 
- 5- --45 -- 150 
5-A 3 55 3 120.0 288 5-B 45 333 
5 55 217 
-9--- -3-7- 230,000 
9-A 2 45 5 110.0 232,500 9-B 37 235,000 
9 45 145,000 
A = change from lower to higher growth temperature. 
B = change from higher to lower .growth temperature. 
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caused an increase in thermal resistance in 19 of the 21 individual 
trials. The two exceptions were one trial with culture I in which 
such a change of growth temperature resulted in a slight decrease 
in the thermal resistance, and one trial with culture 9 in which the 
change did not influence the resistance. A sudden change of growth 
temperature from the approximate optimum to a lower temperature 
resulted in a decrease in the thermal resistance in each of the 21 
trials. Variations in the spore contents of the milk heated ap-
parently did not account for the differences in the heat resistance, 
either between the lots of spores used in a trial or between trials. 
EFFECT OF CONTINUED GROWTH AT A CHANGED GROWTH TEM-
PERATURE ON THE THERMAL RESISTANCE OF BACTERIA 
Since the observations indicated that organisms grown for some 
time at the approximate optimum tended to be more heat resistant 
than those grown there for only one transfer following growth 
below this temperature, and that organisms grown for some time 
below the approximate optimum tended to be less resistant than 
those grown there for only one transfer following growth at the 
approximate optimum, the effect of a number of transfers at the 
changed temperature was investigated. 
TABLE 7. THE THERMAL RESISTANCE OF BACTERIA WHEN GROWTH WAS CONTINUED AT 
A CHANGED GROWTH TEMPERATURE. 
-
Final culture tested Survival (min.) 




At changed temp. 
No. transfers 
no. growth temp. 
I-A I from 21° to 37°0. 1-B from 37° to 21°C. 
2-A I from 21° to 37°C. 2-B from 37° to 21°C. 
3-A I from-21° to 37~ 3-B from 37° to 21°C. 
4-A I from 21° to 37°C. 4-B from 37° to 21°C. 
5-A I from 21° to 37°C. 5-B from 37° to 21°C. 
"Data from table 3. 
tData from table 6. 
+ at 37°C. 
§ at 21°C. 
temp. Age (oC.) (days) at new temp. 
114.5 5 7 
116.0 5 5 
110.0 5 7 
116.0 5 11 
120.0 3 5 
originally 1 I tested· transfert Several (ave.) (ave.) transfers 
16.9:1: I 5.8 I 15 4.6§ 7.3 3 
19.9:1: I 16.3 I 20 8.5§ 6.3 7 
3.0:1: I 4.3 I 6 0.6§ 2.0 3 
18.8:1: I 14.0 I 15 6.3§ 9.8 3 




Table 7 summarizes the data. For each culture there is included 
the average thermal resistance when the culture had grown for only 
one transfer at the changed temperature and also the average 
thermal resistance when the culture was originally tested. As previ. 
ously noted, when the cultures originally were tested they had been 
carried through at least three transfers. The results indicate that 
the thermal resistance of the various cultures when grown for 5 to 
11 transfers at a changed growth temperature tended to approxi. 
mate the average thermal resistance of the culture when originally 
tested after growth at that temperature. Culture l·A after one 
transfer at 37°C. had a thermal resistance of 5.8 minutes, but after 
seven transfers the thermal resistance had increased to 15 minutes 
or almost the same thermal resistance as that exhibited by the 
culture when originally tested after growth at 37°C. Culture l·B 
after one transfer at 21 °C. had a thermal resistance of 7.3 minutes, 
but after seven transfers the thermal resistance had decreased to 
3 minutes which was less than that of the culture when originally 
tested after growth at 21°C. Cultures I-A and 4-A, after 7 and 11 
transfers, respectively, at the changed growth temperature (37°C.) 
produced spores which had a thermal resistance almost equal to 
that of the spores of the cultures when originally tested after growth 
at 37°C.; spores of cultures 3-A and 5·A, after 7 and 5 transfers, 
respectively, exceeded slightly the thermal resistance of the spores 
of the cultures when originally tested after growth at 37°C.; anJ 
spores of culture 2-A after 5 transfers about equalled the thermal 
resistance of the spores of the culture when originally tested after 
growth at 37°C. 
Spores of cultures l ·B, 2·B, 4·B and 5·B, after 7, 5, 11 and 5 
transfers, respectively, at the changed growth temperature (21°C.) 
were lower in thermal resistance than the spores of the cultures 
when originally tested after growth at 21 °C.; spores of culture 3·B, 
however, after 7 transfers, were not as low in thermal resistance 
as the spores of the culture when originally tested after growth at 
21°C. Data indicate that continued growth at a changed temperature 
generally resulted in a thermal resistance approximating that of 
the culture when originally tested after growth at the same tem· 
perature. 
COMPARATIVE THERMAL RESISTANCE OF MOIST AND 
FRESHIL Y DRIED SPORES 
Results already presented were obtained with spores directly 
from agar slopes so that they were moist. Since under practical 
conditions spores frequently are dry, a comparison was made of 
the thermal resistance of moist and freshly dried spores from the 
same mass of growth. When tested for heat resistance the dried 
spores were 3 days older than the moist spores because of the dry. 
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ing procedure and the method of determining the spore content that 
were used. 
Spores were prepared for the comparative trials as follows: The 
culture to be studied was streaked on the surface of nutrient or 
beef infusion agar in a petri dish and the dish incubated at the 
same temperature as the culture from which it was inoculated for 
either 3 or 5 days, depending on the temperature (3 days at 55° C. 
and 5 days at 2].0 , 37° or 4,5° C.). A portion of the growth con· 
taining the moist spores was transferred directly to 60 ml. of sterile 
skimmilk, and the spore preparation was made and tested for heat 
resistance and spore content. The remaining portion of the growth 
on the agar was scraped into a sterile petri dish and dried over 
calcium chloride in a partial vacuum at 37° C. for 24 hours instead 
of the usual 48; the dried material was ground in a sterile mortar 
and well mixed with sterile powdered lactose. Spore content of the 
powder was then determined. 
With the content of moist spores per milliliter of skimmilk used 
for the trials and the content of dried spores per 0.01 gm. of spore 
powder known, the amount of spore powder used per 60 ml. of 
skimmilk was adjusted so that the comparative trials with moist 
and dried spores were carried out with approximately the sam'~ 
number of spores per milliliter of milk. In several instances it wa:.; 
necessary to make two or three comparisons before satisfactory 
spore counts were obtained. These comparisons indicated that con-
siderable variation in the spore contents of the skimmilk used in 
the heat resistance tests made no discernible difference in the period 
the spores survived the heat treatment. 
When spores were obtained from cultures at two different growth 
temperatures the higher of the two temperatures was the approxi-
mate optimum, and when three growth temperatures were used, the 
middle temperature was the approximate optimum. 
Results of 22 comparisons of moist and dried spores, using nine 
different culLures, are presented in table 8. Nine of the 22 trials 
showed a greater resistance for the moist spores, four for the dried 
spores and nine gave no difference; therefore, there was no regular-
ity in the effect of the drying. Data also show that growth below 
the approximate optimum temperature resulted in both moist and 
dried spores with a lower thermal resistance than growth at the 
L iJproximate optimum. This occurred in each of the nine compari-
sons with moist spores and in eight of nine comparisons with dried 
spores; the dried spores of culture 9 exhibited the same resistance 
to heat at all three growth temperatures. These general results verify 
the data already presented on moist spores and indicate further that 
the freshly dried spores are influenced by growth temperature in 
the same way as moist spores. 
Data on three growth temperatures were obtained with cultures 
2, 4, 7 and 9. Moist and freshly dried spores of culture 2 and moist 
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spores of cultures 4 and 9 grown above the approximate optimum 
were lower in thermal resistance than similar spores grown at the 
approximate optimum, while moist and freshly dried spores of 
culture 7 and freshly dried spores of cultures 4 and 9 had the same 
resistance when grown above the approximate optimum as when 
grown at this temperature. These results substantiate the earlier 
observations indicating that growth temperatures above the optimum 
tend to decrease the thermal resistance of moist spores. 
TABLE 8. COMPARATIVE THERMAL RESISTANCE OF MOIST AND 
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• Average values largely from table 3. 
t Earlier exposures at 114.5°C. 
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moist I dried 
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Survival 1 Earlier results (min.) on moist spores. 
7 I 4.6t 5 
10 I 16.9t 10 
3 I 8.5 8 
15 I 19.9 7 
3 I 5.0 0 
10 I 6.3 5 
20 I 18.8 15 
10 I 6.0 15 
7 I 6.1 7 
15 I 23.6 10 
3 I 3.0 3 
7 I 7.0 7 
7 I 7.0 7 
5 I 4.3 3 
7 I 5.3 3 
5 I 4.0 3 
10 I 10.0 15 
35 I 30.0 35 
25 I 25.0 25 
30 I 32.5 35 
5 I 10.0 5 
30 I 30.0 35 
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Cultures 1, 2, 4 and 5 had been carried for approximately 150, 
120, 90 and 60 days, respectively, on artificial culture media at the 
time the comparison of the heat resistance of moist and freshly 
dried spores was made. Table 8 shows that moist and freshly dried 
spores of culture 1 grown at the approximate optimum temperature 
survived for a shorter period than the moist spores of the culture 
when originally tested for heat resistance; the exposure temperature 
used, however, was 116.0° C., while in the original test the tem-
perature was 114.5° C., and this difference of 1.5°C. undoubtedly 
was an important factor in explaining the difference in survival 
periods. Both moist and freshly dried spores of cultures 2 and 5 
grown at their approximate optima showed appreciably lower heat 
resistances than the moist spores of the cultures when originally 
tested for thermal resistance. Moist spores of culture 4 grown at 
the approximate optimum were slightly more resistant to heat than 
the moist spores of the culture when originally tested at the same 
temperature, but the dried spores w~re less resistant. Growth tem· 
peratures, other than the approximate optima, gave varied results 
insofar as indicating any influence of growth on artificial culture 
media on the thermal resistance of moist spores. Cultures 7, 9, 10, 
11 and 12 had been carried only 20, 30, 15, 15 and 15 days, reo 
spectively, on artificial media when the trials with moist and dry 
spores were made. With these cultures, comparisons of the thermal 
resistance of the moist or freshly dried spores with the resistance 
of the moist spores of the cultures when originally tested showed 
no significant effect. In general, the data suggest that at the ap· 
proximate optimum growth temperature, long periods of growth 
on artificial culture media tended to give moist and freshly dried 
spores with a lower thermal resistance than that of the moist spore~ 
when the cultures were first studied. 
INFLUENCE OF AGE ON THE THERMAL RESISTANCE 
OF DRIED SPORES 
Influence of age on the thermal resistance of dried spores was 
studied by preparing spore powders and examining them after 5 
10 8 days and then again after 47 to 69 days, the powders being 
held at room temperature in a desiccator over calcium chloride. 
Eighteen comparative trials were conducted, using eight different 
cultures; table 9 shows the results obtained. In nine comparisons 
the old spores were the more resistant, in three the young spores 
were the more resistant, and in six the resistance was the same, so 
that the results show no regularity. The three trials in which young 
spores had the greater thermal resistance represented three different 
cultures (cultures 2, 10 and 12), each grown at its approximate 
optimum temperature, but two of the nine trials showing a greater 
thermal resistance for the aged spores also involved cultures 
(cultures 4 and 9) grown at their approximate optima. Aged spores 
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from culture 4 showed a greater resistance to heat than the young 
spores at all three growth temperatures. With cultures 7, 8 and 9, 
any difference in resistance was in favor of the aged spores, but 
there was no correlation with any specific growth temperature. With 
the organisms and periods studied, the aging of dried spores did 
not result in a significant decrease in resistance to .heat. 
SURVIVAL PERIODS OF BACTERIA AT VARIOUS TEMPERATURES 
To compare the thermal resistance of bacteria at different ex-
posure temperatures, a series of tests was run in which cultures 
were grown at various temperatures and the spores then exposed 
at 104.0° , 108.0°, 112.0°, 116.0° and 120.00C. With each of the 
eight organisms used, two or three growth temperatures were em-
ployed to extend the data on the effect of growth temperature on 
heat resistance. 
Data are not given in detail but the survival periods at the vari-
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FIC. I-Survival periods of cultures 1, 2, 4 and 5 at various temperatures. 
there was a decrease in the period of survival as the temperature of 
exposure was increased; this was striking with all the cultures 
except culture 9 and even here it was definite. With the relatively 
resistant cultures studied, spores grown at the approximate optima 




CULT0RE: 9 \ CULTURE: 10 140 
\ \ 
I-eO \ \ 
"-\ 100 
\ '\ eo 












\ CULTURE: II \ CULTURE 12 180 \ \ \ I \ 




100 \ \ -~ \ \ 'I. \ 







" ~" , , 
'20 " ,,~ r"--_ "'-, 
--0 
104 108 112. 110 -:5'i-- 108 liZ. 110 1'20 
EXP05Ul2.E TEMPEl2.ATUl2.E °e. 
x-- --- :37°C. Growth Temperature . 
• -------45° C . Growth TemperaTure. 
---5SoC. Growth Temperature. 
FIG. 2.-Survival periods of cultures 9, 10, 11 and 12 at various temperatures. 
t~ 150 minutes, at 112.0°C. from 4 to 90 minutes, at 116.0° C. from 
2 to 35 minutes and at 120° C. from 1 minute to 15 minutes. 
In agreement with the earlier data the survival period definitely 
varied with the growth temperature, the approximate optimum com· 
monl y giving the maximum resistance. 
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EXAMINATION OF NORMAL CANS OF EVAPORATED MILK 
Fifteen cans of evaporated milk, representing seven brands, were 
obtained from retail stores and examined for bacteria by transfer-
ring about 0.1 ml. of the milk from each can to each of three beef 
infusion agar slants. The three tubes were incubated at different 
temperatures (37°, 45° and 55°C.) for 5 days and observed for 
growth. Only one sample yielded colonies, and all of them ap-
peared to be of one species; apparently neither the flavor and odor 
nor the body of the evaporated milk was influenced by the organisms 
present. Culture 17 was isolated from the milk. 
Spores of culture 17, when grown at 21°, 37° or 45°C. and 
heated in sterile skimmilk, were destroyed at a temperature as low 
as 104.0°C. in 1 minute; the spore content of the skimmilk ranged 
from 100 to 200 per ml. Since the organism was so easily destroyed 
by heat it may not have survived the sterilization process but gained 
entrance to the milk following sterilization through a defect in the 
tin, although ordinarily such contamination involves non-spore-
forming organisms that quickly bring about conspicuous changes 
in the milk. Another possibility is that the spores originally present 
were much more heat resistant than those obtained from the pure 
culture. 
THERMAL RESISTANCE OF SOME AEROBIC, SPORE·FORMING 
BACTERIA ISOLATED FROM RAW MILK 
The possibility of ordinary raw milk containing aerobic, spore-
forming bacteria especially resistant to heat was studied on two 
occasions, the total number of samples examined being 12. Samples 
were heated at 80°C. for 10 minutes. Each sample was then divided 
into two portions, and one portion was enriched by incubating at 
37°C. for 24 hours, while the other portion was similarly enriched 
at 55°C. Following this incubation the samples were plated on 
nutrient and beef infusion agar. Enough plates were poured so 
that plates from each portion of each sample could be incubated 
at four temperatures (21°, 37° , 45° and 55°C.) for 24 to 48 hours. 
Every sample of milk contained aerobic, spore-forming bacteria, as 
shown by growth on the agar plates incubated at one or more of 
the temperatures used. 
Colonies were picked from the plates and streaked on nutrient or 
beef infusion agar. Some of the plates contained only one type of 
colony. Others contained more than one type (usually two), and 
in these instances a colony representing the type most numerous on 
the plate was picked. Usually the same type of colony was present 
on the plates incubated at different temperatures and a colony was 
picked from the plate showing the most luxuriant growth. Cultures 
obtained by this general procedure were designated A, B, C, D, E, 
F, G, H, I, J, K, Land M. Each of the cultures came from a 
different sample of milk except cultures Land M which were from 
the same sample. 
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Thermal resistance trials were conducted on the cultures at 
llO.O° e., using the general procedure employed with the cultures 
isolated from evaporated milk. An attempt was made to grow each 
culture at 21 °, 37°, 45° and 55°e., and the thermal resistance 
tests included spores from each temperature yielding growth. The 
spore contents of the spore suspensions varied from 1,000 to 10,OvO 
per ml. with the different cultures. None of the cultures showed a 
thermal resistance which remotely suggested a survival of the usual 
sterilization procedure employed with evaporated milk. The great-
est thermal resistance exhibited was 3 minutes survival at llO.O° C.; 
this occurred with cultures F and G grown at 37°C. and with 
cultures H and I grown at 55°e. 
Although the number of samples examined was limited, the re-
sults indicate that the aerobic, spore-forming bacteria commonly 
present in raw milk do not usually possess a high thermal resist-
ance and that raw milk should not ordinarily be considered a com-
mon source of bacteria capable of surviving the usual sterilization 
procedure employed with evaporated milk. Presumably, it might 
be a source under certain conditions. 
IDENTIFICATION OF THE CULTURES 
An attempt was made to identify the cultures studied, especially 
those obtained from evaporated milk, by comparing them with the 
descriptions given by Bergey (6), and the following identities ap-
peared to be justified. The cultures designated with numbers were 
from evaporated milk, either normal or spoiled, while those desig-
nated with letters were from raw milk. Two cultures (cultures 10 
and ll) did not agree with any of the published descriptions. 
Culture 1 -Bacillus megatherium De Bary 
Culture 2 - Bacillus freudenreichii (Miquel) Migula 
Culture 3 -Bacillus albolactis Migula 
Culture 4 -Bacillus lactimorbus Jordan and Harris 
Culture 5 -Bacillus calidolactis Hussong and Hammer 
Culture 7 -Bacillus petasites Gottheil 
Culture 8 -Bacillus cereus Frankland and Frankland 
Culture 9 - Bacillus coagulans Hammer 
Culture 12- Bacillus calidolactis Hussong and Hammer 
Culture 13*- Bacillus lactis Fliigge 
Culture 15*- Bacillus mesentericus Trevisan 
Culture 16*-Bacillus vulgatus Trevisan 
Culture 17*-Bacillus sphaericus Neide 
Culture A *-Bacillus mesentericus Trevisan 
Culture B*- Bacillus kaustophilus Prickett 
Culture C"*-Bacillus mycoides Fliigge 
Culture D*- Bacillus mycoides Fliigge 
Culture E*-Bacillus megatherium De Bary 
Culture F*-Bacillus cereus Frankland and Frankland 
Culture G*- Bacillus subtilis Cohn emend. Prazmowski 
*Detailed data on thermal resistance are not given because it was so low. 
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Three of the organisms identified were found in both evaporated 
and raw milk; namely, B. megatherium, B. cereus and B. mesenteri-
cus. B. megatherium was the only one of the three that was isolated 
from spoiled evaporated milk, and the strain obtained exhibited a 
comparatively high resistance to heat, while the strain from raw 
milk, when grown at either 21 a or 37a C., did not survive 1 minute 
at lIO.Oae. The much greater thermal resistance of the strain of 
B. megalherium isolated from spoiled evaporated milk is significant 
and agrees with the work of Kelly (45). The only explanation 
which can be given for the greater resistance is that it had been 
acquired through natural selection and acclimatization. 
The strain of B. cereus isolated from evaporated milk possessed 
approximately the same thermal resistance as the strain isolated 
from raw milk; when grown at 37aC. the latter survived 3 minutes 
at lIO.oac. Neither the strain of B. mesentericus from evaporated 
milk nor the strain from raw milk survived an exposure of lIO.Oae. 
for 1 minute when grown at 21 a, 37a or 45ae. 
DISCUSSION OF RESULTS 
The greater thermal resistance of various aerobic, spore-forming 
bacteria when grown at the approximate optimum than when grown 
at lower temperatures is of significance from the standpoint of 
the survival of organisms in evaporated milk. Although these 
organisms commonly have relatively high optimum temperatures, 
so that if freshly dfawn milk is cooled at all it will be below the 
approximate optima, there remains the possibility of spores being 
produced under very favorable temperature conditions and then 
gaining entrance to the milk during its handling. Such production 
could occur in plant equipment, due to the relatively high tem-
peratures often existing, and possibly on farms, especially at cer-
tain seasons. The effect of growth temperature on the heat resist· 
ance of the aerobic, spore-forming organisms may explain the occur-
rence of various outbreaks of spoilage in evaporated milk during 
the warm months. 
From the results obtained it appears that long continued growth 
at the approximate optimum temperature is not necessary to in-
crease strikingly the heat resistance of an organism but that a 
short time is sufficient. This observation may account for the sudden 
outbreaks of spoilage in evaporated milk that occasionally occur. 
Assuming the presence of a causative organism in the plant or on 
the farm, the prevalence of a favorable growth temperature for a 
period sufficiently long to permit the production of spores might 
result in spores so heat resistant that if they gained entrance to the 
milk they would survive the usual heat treatment given evaporated 
milk. 
. The high thermal resistance exhibited by some of the aerobic, 
spore-forming bacteria when grown at the approximate optimum 
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temperatures indicates the possibility of milk spoilage even when 
employing a sterilizing procedure that is usually efficient. Culture 
5 (B. calidolactis) grown at its approximate optimum temperature 
sometimes produced spores that survived 120.0°C. for 25 minutes. 
Under practical conditions evaporated milk is rarely held at a tem-
perature high enough for the growth of this organism even if it 
is present in the milk. 
The relative constancy of the results obtained in the various trials 
with each culture, as long as the growth temperature was the same, 
emphasizes the importance of growth temperature, from the stand-
point of heat resistance of the aerobic, spore-forming bacteria. 
Since the comparative thermal resistance of moist and dried 
spores shows that dryas well as moist spores may be very resist-
ant, it appears that the drying of spores, in which condition thcy 
can be readily disseminated through the air, provides a method of 
getting spores into milk from points of growth that do not come 
in direct contact with milk. The persistence of a high thermal re-
sistance in dry spores suggests that the contamination of the milk 
in this way can be delayed without any great change in the re-
sistance. 
The isolation of viable cells or spores from only 1 of 15 repre-
sentative samples of normal evaporated milk purchased in retail 
markets suggests that the presence of organisms is not common. Al-
though spoilage was not evident in this instance, it emphasizes the 
possibility of spoilage and the need for closer control throughout 
the manufacturing process. The organism may have gained entrance 
to the evaporated milk after the sterilization process through a de-
fect in the tin, but ordinarily such contamination involves species 
other than spore-forming aerobes. 
Although no aerobic, spore-forming organisms exhibiting a 
marked resistance to heat were isolated from 12 samples of raw 
milk, the presence in the milk of species of bacteria found in evapo-
rated milk is of interest. This observation, together with the work 
of Hammer and Hussong (41), Kelly (45) and Morrison and Rett· 
ger (53), who reported instances of spoilage of evaporated milk 
caused by aerobic, spore-forming bacteria sometimes found in raw 
milk, shows that raw milk should be considered a potential source 
of contamination. 
The greater thermal resistance of the culture of B. megatherium 
found in spoiled evaporated milk than of the culture found in raw 
milk can be explained by considering them two distinct strains, 
with the strain from evaporated milk possessing a greater thermal 
resistance as a result of natural selection and acclimatization. 
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